Isoprenyl diphosphate synthases (IDSs) produce the ubiquitous branched-chain diphosphates of different lengths that are precursors of all major classes of terpenes. Typically, individual shortchain IDSs (scIDSs) make the C 10 , C 15 , and C 20 isoprenyl diphosphates separately. Here, we report that the product length synthesized by a single scIDS shifts depending on the divalent metal cofactor present. This previously undescribed mechanism of carbon chainlength determination was discovered for a scIDS from juvenile horseradish leaf beetles, Phaedon cochleariae. The recombinant enzyme P. cochleariae isoprenyl diphosphate synthase 1 (PcIDS1) yields 96% C 10 -geranyl diphosphate (GDP) and only 4% C 15 -farnesyl diphosphate (FDP) in the presence of Co 2+ or Mn 2+ as a cofactor, whereas it yields only 18% C 10 GDP but 82% C 15 FDP in the presence of Mg
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cobalt | kinetic | prenyltransferase | secretions | silencing T erpenes are an extensive group of natural products serving essential biological functions in Eukaryota, Bacteria, and Archaea. The more than 55,000 terpenes identified thus far are crucial components of intracellular signal-transduction pathways, electron transport chains, and membranes, or they can function as hormones, photosynthetic pigments, and semiochemicals (1, 2) . Despite their structural diversity, terpenes are derived from the universal linear C 10 , C 15 , C 20 , and larger diphosphate intermediates whose synthesis is catalyzed by isoprenyl diphosphate synthases (IDSs), also known as prenyltransferases (3) . Depending on the stereochemistry of the double bond of the reaction product, these enzymes are classified as either trans-IDSs or cisIDSs (4, 5) .
Here, we focus on trans-IDSs, which can be further divided into enzymes producing short-chain (C 10 -C 20 ), medium-chain (C 25 -C 35 ), and long-chain (C 40 -C 50 ) IDS products (6). Shortchain IDSs (scIDSs) are named for their main end products. Geranyl diphosphate synthases (GDPSs; EC 2.5.1.1) catalyze the alkylation of the homoallylic isopentenyl diphosphate (C 5 -IDP) by the allylic dimethylallyl diphosphate (C 5 -DMADP) resulting in geranyl diphosphate (GDP), the ubiquitous C 10 -building block of many monoterpenes. Farnesyl diphosphate synthases (FDPSs; EC 2.5.1.10) form farnesyl diphosphate (FDP), the C 15 precursor of sesquiterpenes, and geranylgeranyl diphosphate synthases (GGDPSs; EC 2.5.1.29) produce geranylgeranyl diphosphate (GGDP), the C 20 backbone of diterpenes.
Whereas FDPSs and GGDPSs occur nearly ubiquitously in plants, animals, fungi, and bacteria, GDPSs have mainly been described in plants and insects to date (7) . In plants, they participate in the biosynthesis of defenses against herbivores and pathogens, as well as in the formation of attractants for pollinators and seed-dispersing animals (1). Most plant GDPSs make GDP as a single product (8) . However, occasionally, the enzymes are bifunctional and also produce FDP [PbGDPS from the orchid Phalaenopsis bellina (9)] or GGDP [PaIDS1 from the spruce Picea abies (10)] in addition to GDP. So far, only a few GDPSs have been characterized in insects (7) . Strikingly, most of them have the ability to form multiple products.
The GDPSs cloned from the bark beetle Ips pini, for example, displayed prenyltransferase and terpene synthase activity in succession (11) , resulting in the formation of precursors for the de novo synthesis of monoterpenoid aggregation pheromones such as ipsdienol, which coordinates the colonization of coniferous trees (12) . Bifunctionality was also observed from the scIDSs characterized from different aphid species (13) (14) (15) (16) (17) . Here, the recombinant proteins generated both GDP and FDP in parallel, and hence may be involved in the biosynthesis of either aphid sex pheromones or the sesquiterpene (E)-β-farnesene, the most common component of alarm pheromones. How nature accomplishes mixed-product formation by scIDSs in insects as well as in plants is still poorly understood.
Generally, catalysis by scIDSs follows a sequential mechanism called "head-to-tail alkylation." During chain elongation, the allylic cosubstrate (DMADP or GDP) undergoes coupling with IDP through electrophilic alkylation at its carbon-carbon double bond (18, 19) . The reaction depends for activation on a trinuclear metal cluster, usually containing Mg 2+ or Mn 2+ (20) . Based on earlier studies describing the role of metal cofactors for scIDS catalysis, we tested the product composition of a unique scIDS discovered from juvenile horseradish leaf beetles, Phaedon cochleariae, in the presence of different metal ions. To our surprise, we found that the enzyme P. cochleariae isoprenyl diphosphate synthase 1 (PcIDS1) possesses an unusual product regulation mechanism not previously described for scIDSs. It alters the chain length of its products depending on the cofactor: The protein yields C 10 -GDP in the presence of Co 2+ or Mn
2+
, whereas it produces the longer C 15 -FDP in the presence of Mg . GDP is needed for the de novo synthesis of the cyclopentanoid monoterpene iridoids, defensive compounds that are produced during the entire larval stage of P. cochleariae (21, 22) (Fig. 1) , and Mg 2+ in the juvenile beetles supports the notion that these organisms may control the product specificity of scIDSs by means of changes in local concentrations of these metal ions. Hence, the direction of flux at a branch point in terpene metabolism between defense and primary metabolism is regulated by an unprecedented IDS control mechanism.
Results
Identification and Tissue Distribution of a scIDS in Juvenile P. cochleariae.
The use of degenerate primers allowed the amplification of a cDNA that encodes a protein of 430 aa (49.3 kDa, pI of 8.63) referred to here as PcIDS1. ClustalW alignments revealed a high amino acid sequence identity of PcIDS1 in relation to other functionally characterized insect scIDSs and showed all the conserved regions known for prenyltransferases (3, 23) (Fig.  S1 ). The sequence also contains an RxxS motif (R 67 -S 70 ), which could be the cleavage site for a mitochondrial targeting sequence already known from other identified scIDSs (11, 24) .
Quantitative real-time assays revealed that PcIDS1 transcripts are generally present in all analyzed larval tissues (Fig. S2A) . However, the highest transcript abundance was observed in fat body tissue, which had a 5.6-fold higher transcript level compared with gut tissue. The transcript abundance was also reflected in protein level, because PcIDS1 was detectable in all tested tissues, with the strongest signal derived from fat body tissue (Fig. S2B) . Additionally, overall scIDS activity was determined in all crude extracts of the different larval tissues ( Fig. 2A) . In contrast to the trace amounts of FDP produced by extracts of every tissue tested, GDP-forming activity followed a different pattern. Compared with gut tissue, GDP formation was 141-fold higher in fat body tissue. Our results are consistent with recent findings on the distribution of the pathway to the iridoid defense compounds in P. cochleariae larvae. The early steps leading to the formation of the intermediate 8-hydroxygeraniol-glucoside are most likely localized in the fat body tissue. The glucoside is then transferred from there via the hemolymph into the defense glands, where the later steps in formation of chrysomelidial are located (25) (Fig. 1 ).
PcIDS1 Is Involved in the Production of Defensive Monoterpenoids in
Juvenile P. cochleariae. RNAi experiments were performed with P. cochleariae to demonstrate the in vivo relevance of PcIDS1.
There were no significant differences in the relative growth rate between insects injected with a PcIDS1-dsRNA probe or with a control Gfp dsRNA probe and noninjected controls (NICs) (Fig. S3 ). However, transcript quantification 5 d after injection confirmed a significant PcIDS1 mRNA reduction in fat body tissue (by 95%; P < 0.001) in comparison to PcIDS1 mRNA levels in Gfp-treated larvae and NICs (Fig. 2B) . Accordingly, 5 d after injection, the relative weight of defensive secretions decreased (by 52%; P < 0.001) in larvae challenged by PcIDS1 dsRNA. This reduction continued until by day 13, a defenseless phenotype appeared that lacked secretions. The Gfp controls and NICs, on the other hand, produced unaltered amounts of defensive secretions (Fig. 2C ). Detailed analyses of the relative amount of chrysomelidial per larva revealed a significant decline of this iridoid (by 78%; P < 0.001) in PcIDS1-treated larvae compared with the Gfp group and NICs after 5 d; this decline proceeded until there was a complete loss of secretions (Fig. 2F) .
To determine if the chrysomelidial reduction is correlated with a decrease of the precursor, 8-hydroxygeraniol-glucoside, we analyzed the hemolymph and fat body tissue of larvae treated with PcIDS1 dsRNA, Gfp dsRNA, and NICs. Seven days after PcIDS1-dsRNA injection, the level of precursor in the hemolymph was significantly reduced (by 89%; P < 0.001) compared with corresponding Gfp controls and NICs. This effect continued further with a reduction of 97% on day 11 (Fig. 2E) . A similar effect was observed in the fat body tissue, where the amount of 8-hydroxygeraniol-glucoside was diminished (by 64.5 ± 14.08%) after 7 d. In addition to the reduction of chrysomelidial and 8-hydroxygeraniol-glucoside, we observed a significant loss of the overall scIDS activity (by 93%; P < 0.001) in the fat body tissue of PcIDS1-silenced larvae 7 d after injection compared with Gfp controls and NICs (Fig. 2D) .
Recombinant PcIDS1 Shows Metal Cofactor-Dependent Product Formation. Our results suggest that PcIDS1 is involved in the biosynthesis of the monoterpenoid precursors needed for formation of the defensive compound chrysomelidial. Next, PcIDS1 was expressed in Escherichia coli after truncation of the signal sequence at the 5′-end of the coding region, and the enzymatic activity of the purified recombinant protein was studied in vitro.
Like other scIDS proteins, PcIDS1 was inactive without adding divalent metal cations, such as Mg 2+ or Mn 2+ . As recent studies show, scIDS activity can be modulated by these metal ion cofactors (7, 15, 16, 26, 27) ; we therefore tested PcIDS1 activity with IDP and two different allylic substrates, DMADP and GDP, in the presence of five different divalent cations. Each ion was tested separately at comparable concentration ranges. In our assays with DMADP, the maximum overall enzyme activity for each cation was observed at 5 mM for Mg 2+ , 0.5 mM for Co 2+ and Mn 2+ , and 0.1 mM for Ni 2+ and Zn 2+ (Fig. 3A, Fig.  S4A , and Table S1 ). PcIDS1 was far more active with Co 2+ as an additive than with any other tested metal ion. Intriguingly, not only the overall enzyme activity but the product specificity varied considerably according to the different ions. In the presence of Co 2+ or Mn
2+
, with DMADP as a cosubstrate, PcIDS1 produced about 96% GDP and only 4% FDP. In contrast, with Mg 2+ as an additive, PcIDS1 produced 18% GDP and 82% FDP.
Moreover, the optimal ion concentration changed depending on the allylic substrates. After GDP was substituted for DMADP, leading to the production of FDP, we observed PcIDS1 being most active by addition of 0.5 mM Mg
2+ compared with any other tested cofactor (Fig. 3B, Fig. S4B, and In a first approach with DMADP, a constant Co 2+ concentration of 0.5 mM was complemented with an ascending concentration of Mg 2+ in a range of 0.001-10 mM (Fig. 4A) . PcIDS1 formed mainly GDP and only minor amounts of FDP, suggesting that Co 2+ is the dominant metal ion independent of the tested Mg 2+ concentration.
In a second approach with DMADP, we measured the enzyme activity with Mg 2+ constant at 5 mM and an ascending concentration of Co 2+ in the range of 0.001-10 mM (Fig. 4B) . At Co 2+ concentrations lower than 0.05 mM, FDP was the main product, accompanied by a 50% reduction in enzyme activity. However, if Co 2+ concentrations exceeded 0.1 mM, PcIDS1 activity clearly increased. Simultaneously, a shift from FDP to the reduced chain length of GDP was observed. Even if Mg 2+ was 100-fold more abundant in the mixture, the enzyme definitely showed a preference for Co 2+ . With GDP as a cosubstrate, a constant 0.5 mM Co
, and an ascending Mg 2+ concentration, PcIDS1 displayed low FDPforming activity (Fig. 4C) concentration ascends, the FDP-forming activity decreases dramatically (Fig. 4D ). Our findings indicate that the Mg 2+ -catalyzed activity of PcIDS1 is abolished as soon as Co 2+ reaches its optimal concentration.
To determine the conformational state of PcIDS1 quaternary structure, size exclusion chromatography was performed. Fig. S5 shows the relative retention volumes of the apoprotein without adding cofactors and PcIDS1 in presence of Co 2+ (0.5 mM) or Mg 2+ (5 mM) . Surprisingly, we found an obvious difference in the elution volume among the apoprotein (without divalent metal), the PcIDS1-Mg 2+ complex, and the PcIDS1-Co 2+ complex. The apoprotein eluted from the column at a retention volume of 76.36 mL (corresponding to 74.6 kDa), whereas PcIDs1-Mg 2+ and PcIDS1-Co 2+ eluted at 73.65 mL (corresponding to 93.8 kDa) and 74.46 mL (corresponding to 87.6 kDa), respectively. Given the calculated monomeric mass of 45.8 kDa, this indicates on one hand that the enzyme is always present as a dimer regardless of added cofactor. On the other hand, the difference in the elution volume reflects a change in the hydrodynamic volume of the protein caused by the divalent metal. In the case of Mg 2+ , the dimeric protein possesses the largest volume, most likely due to a more relaxed conformation. With Co 2+ , PcIDS1 seems to have a more compact conformation, which may be responsible for the change in product spectrum. As a control, we also analyzed the metal influence on the standard proteins and observed no obvious difference in the elution volume with addition of various amounts of Mg 2+ or Co 2+ . Kinetic Analyses of Purified PcIDS1. All kinetic parameters measured for PcIDS1 are displayed in Table 1 . In combination with Co 2+ and fixed IDP, PcIDS1 has a K m of 11.6 μM for DMADP (Fig. S6A ) and a K m of 24.3 μM for GDP (Fig. S6E) , suggesting that DMADP is the preferred substrate compared with GDP. Significant differences in the V max were not observed. With Co 2+ and DMADP fixed at 50 μM, PcIDS1 has a K m of 0.8 μM for IDP and substrate inhibition at higher concentrations with a K i of 46.6 μM (Fig. S6B) . No inhibitory effect of IDP was observed with GDP fixed at 50 μM (Fig. S6F) .
In combination with Mg 2+ and fixed IDP, PcIDS1 displayed atypical kinetics for DMADP that resulted in a biphasic curve (Fig. S6C) . In the first part of the curve from 0.1 to 100 μM DMADP, the reaction seems to follow a Michaelis-Menten kinetic. However, the curve displays a different slope as soon as the DMADP concentration exceeds 50 μM. The K m for GDP was 1.2 μM with a slight substrate inhibition (Fig. S6G) . With Mg 2+ and DMADP fixed at 50 μM, PcIDS1 has a K m of 11.8 μM for IDP with a slight substrate inhibition (Fig. S6D) , and with GDP fixed at 50 μM, the K m of IDP was 7.1 μM (Fig. S6H) . Analyses of the calculated V max show that Mn 2+ gave generally lower reaction velocities than did Co 2+ . The kinetic parameters substantiate our previous observations that PcIDS1 has a preference for Co 2+ with DMADP as an allylic cosubstrate giving the C 10 product GDP. If Mg 2+ is the metal cofactor, GDP is the favored cosubstrate affording the C 15 product FDP.
Metal Cofactors Identified in P. cochleariae Larvae Have Different
Affinities in the Enzyme Complex. Inductively coupled plasma-MS analysis of P. cochleariae larvae showed an overall concentration of Co 2+ in the fat body tissue at ≥0.24 μg/g of dry weight (DW) or 4 nmol/g of DW, and an overall concentration of Mn 2+ at ≥16.6 μg/g of DW or 0.3 μmol/g of DW, whereas Mg 2+ was found at a concentration of 2,223 μg/g of DW or 91 μmol/g of DW in the fat body (Table S2) .
Quantum mechanical calculations revealed reaction energies of about 40 kcal/mol lower for the formation of complexes containing Co 2+ or Mn 2+ compared with those containing Mg 2+ for association with the diphosphate of DP 3− or the aspartate residues of the enzyme (mimicked by propionic acid anions) (Tables S3 and  S4) . In all cases, the affinity of the metal cations for the diphosphate was more than 200 kcal/mol higher than for the aspartate residues. Based on these gas phase calculations, the deduced minimum equilibrium constant for formation of the diphosphate metal complex is at least 10 28 (Tables S5 and  S6 ), in both cases, the affinities for Co 2+ or Mn 2+ are lower than the affinity for Mg 2+ in nice agreement with the measured lower K m (GDP) (higher affinity) (Mg 2+ = 1.18 μM, Co 2+ = 24.3 μM) and might be an explanation for the experimental differences in product specificity with different divalent metal ions. Note, one order of magnitude in K m represents 1.4 kcal/mol (ΔG) in interaction energies.
Discussion
Understanding the mechanism of chain-length determination of scIDSs has been a major challenge for researchers of terpene biosynthetic enzymes, and much has been learned about active site features that restrict the length of the enzyme products. The determination of product carbon length by the identity of the metal cofactor apparently provides an alternative mechanism to the regulation of product formation by scIDS. Given that plants possess a number of genes encoding IDSs [e.g., at least 10 in Arabidopsis thaliana (8)], whereas insects possess only a few [e.g., 3 in Bombyx mori (28)], insects may compensate for this disparity by generating different chain-length products in other ways. In our case, the metal ion-mediated product differences enable the P. cochleariae beetles to supply precursors for two terpene pathways, one for monoterpene metabolism (synthesis of chemical defenses) and one for sesquiterpene metabolism (juvenile hormone formation), using only a single enzyme. Instead of "inventing" a new IDS, insects appear to use different cofactors to add an additional product to an enzyme's repertoire, thereby lowering metabolic costs. Such a regulation mechanism may allow faster adaptation to developmental or environmental changes that insects may face, such as metamorphosis or host plant shifts. Due to differences in metal ion identity and concentration, shifts in overall scIDS activity have previously been observed for enzymes from plants [e.g., Abies grandis (29)] and for enzymes from insects [e.g., Myzus persicae (15), Choristoneura fumiferana (30)], but without alterations in product chain length. However, Sen et al. (26) report cofactor-dependent changes of product chain length in crude homogenates of the corpora allata of the lepidopteran Manduca sexta. The product ratios formed during the coupling of DMADP with IDP by means of scIDS activity showed that FDP formation was stimulated by adding Mg 2+ , whereas GDP formation increased in the presence of Mn
2+
. Taken together with our results, these findings should motivate researchers to test alternative cofactors with scIDSs in the future.
PcIDS1 produces mainly GDP (95%) in the presence of Co
) with IDP and DMADP as substrates and produces only minor amounts of FDP (4%). In contrast, with Mg 2+ , the predominant product was FDP (82%); only minor amounts of GDP (18%) were produced. Our kinetic data for PcIDS1 support the observation that the regulation of product distribution by these metal cofactors is biochemically relevant. Comparisons , respectively, are in the range of K m values for previously described insect scIDSs, such as those of A. gossypii (12.6 μM) (14) , D. melanogaster FPPS-1b (7 μM) (32), M. sexta (0.8 μM) (27) , and M. persicae (MpIPPS1-S, 25.4 μM; MpIPPS2-S, 15.4 μM) (17) . The difference in the PcIDS1 K m values for different metal cofactors suggests that the enzyme favors GDP as a substrate with Mg
. The alteration of IDS product specificity by metal ions has so far been described only for long-chain IDSs from microbes. In the presence of Co 2+ or Mn
, octaprenyl-, solanesyl-, and decaprenyl-diphosphate synthases gave a variety of polyprenyl products whose chains were longer by up to two isoprene units than those of the products formed in the presence of Mg 2+ (33) (34) (35) . IDS structure elucidation in combination with mutagenesis studies has suggested that product chain length is determined by the size of the hydrophobic pocket in the active center. In particular, the amino acids in the vicinity of the conserved first and second aspartate-rich regions (FARM and SARM motifs, respectively) form a steric hindrance that terminates chain elongation (3, 23, 36, 37) . The van der Waals radii of Co 2+ and Mn 2+ are 1.73 Å and 1.9 Å, respectively, both of which are larger than that of Mg 2+ at 0.96 Å (38) . These differences may lead to conformational changes of PcIDS1 or to rearrangements of substrate position in the enzymes that influence chain-length elongation. First hints toward conformational changes were obtained by size exclusion chromatography that revealed differences in the quaternary structure due to complex formation with different metal ions. Further homology modeling in combination with site-directed amino acid mutagenesis is needed to explain more fully how changes in cofactors influence the chain-length determination mechanism for PcIDS1.
Mg 2+ and Mn 2+ are well-known cofactors for scIDS activity; however, in our biochemical characterization, PcIDS1 showed the highest GDP synthase activity in the presence of Co 2+ . Despite its rare occurrence in nature, Co 2+ plays a role as a cofactor in a number of proteins (e.g., methionine aminopeptidase, glucose isomerase) (39) . To balance the need for cobalt with its intrinsic toxicity, nature has evolved trafficking systems to maintain metal homeostasis (40) . For example, in the transcriptome from P. cochleariae, we have identified a transport protein that shows high similarity to the cobalt uptake protein Cot 1 of Saccharomyces cerevisiae (41) . This finding and the calculated high affinity of Co 2+ to PcIDS1 underline the possibility that Co 2+ is an available as well as biologically relevant cofactor for this enzyme despite its low concentration in the larvae.
Using an RNAi approach, we were able to show that the PcIDS1-catalyzed formation of GDP is involved in the production of monoterpenoid defensive compounds in P. cochleariae larvae. However, we could not detect a phenotype arising from the loss of formation of the alternate product, FDP. In insects, FDP is the essential precursor for the synthesis of juvenile hormones (42) , and it is localized in the corpora allata complex found in the head posterior to the brain. Given that RNAi efficiency can differ from tissue to tissue as well as from gene to gene (43) , the lack of a phenotype caused by low FDP levels might be attributed to ineffective silencing in the larval head. However, even more important may be the existence of additional prenyltransferases. Aphids, coleopterans, and lepidopterans are known to possess up to three scIDSs, and we are currently searching for additional scIDSs in P. cochleariae, which, like many other enzymes of this class, may make more than one product. Our work shows that enzymes with an intrinsic promiscuity may also use exogenous factors, such as metal cofactors, to regulate product synthesis. It also serves as a reminder that neither substrate specificity nor product profiles can always be predicted by sequence similarity. Instead, rigorous biochemical testing is needed to establish enzyme function, especially among enzymes of terpene metabolism.
Materials and Methods
A scIDS from P. cochleariae was isolated with a degenerated PCR approach and RACE amplification. For further biochemical characterization, heterologous expression in E. coli Bl21 star (DE3) and protein purification were performed by affinity chromatography with Ni-nitrilotriacetric acid agarose columns. RNAi techniques were used to determine in vivo relevance, followed by quantitative real-time PCR, the quantification of 8-hydroxygeraniol via liquid chromatography (LC)-tandem MS (MS/MS), the relative quantification of chrysomelidial with GC-MS, and PcIDS1 activity measurements determined by LC-MS/MS. Kinetic analyses and product determination were realized by LC-MS/MS, and calculations were performed with GraphPad Prism (GraphPad Software). Details of beetle rearing, reagents, protein purification/sequencing, antibody production, RNAi techniques, LC-MS/MS, GC-MS, quantitative PCR, sequence analyses, and other methods used in this study are described in SI Materials and Methods.
